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ABSTRACT
Recently, it was shown that local variance maps of temperature anisotropy are simple and
useful tools for the study of large scale hemispherical power asymmetry. This was done by
studying the distribution of dipoles of the local variance maps. In this work, we extend the
study of the dipolar asymmetry in local variance maps using foreground cleaned Planck 143
GHz and 217 GHz data to smaller scales. In doing so, we include the effect of the CMB
Doppler dipole. Further, we show that it is possible to use local variance maps to measure the
Doppler dipole in these Planck channel maps, after removing large scale features (up to l =
600), at a significance of about 3σ. At these small scales, we do not find any power asymmetry
in the direction of the anomalous large scale power asymmetry beyond that expected from
cosmic variance. At large scales, we verify previous results i.e. the presence of hemispherical
power asymmetry at a significance of at least 3.3σ.
Key words: cosmic background radiation, methods: statistical
1 INTRODUCTION
A number of studies have been performed that show approximately
3.5σ hemispherical power asymmetry at large scales in WMAP and
Planck CMB temperature fluctuations (Eriksen et al. 2004, 2007;
Planck Collaboration et al. 2013a; Flender & Hotchkiss 2013;
Hoftuft et al. 2009). Recently, Akrami et al. (2014) used a concep-
tually simple pixel space local variance method to demonstrate the
presence of asymmetry at large scales in WMAP and Planck data
at a significance of at least 3.3σ; they find that none of the 1000
isotropic Planck FFP6 simulations had a local variance dipole am-
plitude equal to or greater than that found in data for disk radii
6◦ 6 rdisk 6 12◦. In this method, a local variance map (mr) is
generated at a smaller HEALPIX (Go´rski et al. 2005) resolution
Nside from a higher resolution CMB temperature fluctuations map
by computing temperature variance inside disks of certain radius
rdisk centered at the center of each pixel of the HEALPIX map with
resolution Nside. Isotropic simulations are used to get the expected
mean map (m¯r), and each map is normalized:
mnr =
mr − m¯r
m¯r
. (1)
Then, we obtain local variance dipoles by fitting for dipoles in each
of these normalized maps (both simulations and Planck data) using
the HEALPIX remove dipolemodule with inverse variance (of
the 1000 simulated local variance maps) weighting. In this paper,
we will denote the amplitude of a local variance dipole as ALV.
The local variance dipole obtained from data is then compared to
the distributions obtained from simulations.
In this work, we make use of the local variance method and ex-
? E-mail: sza5154@psu.edu
tend the results obtained in Akrami et al. (2014) to include smaller
disk radii. The authors in Akrami et al. (2014) focused on large
scale power asymmetry, and therefore only looked at large values of
rdisk. After confirming their results at large disk radii (rdisk > 4◦),
we perform the same local variance dipole analysis using smaller
disk sizes. We find that, for smaller disk radii, the contribution of
the Doppler dipole becomes increasingly significant. The Doppler
dipole in the local variance map is an expected signal because of
our velocity with respect to the CMB rest frame. While the direc-
tion and magnitude of the CMB dipole has been known from pre-
vious CMB experiments (Jarosik et al. 2011), the Doppler dipole
signal in the temperature fluctuations is rather weak and reported
only recently by the Planck Collaboration (Planck Collaboration et
al. 2013) using harmonic space estimators (Amendola et al. 2011;
Kosowsky & Kahniashvili 2011). We work towards detecting the
expected Doppler dipole in the local variance maps after removing
large scale features from the maps. Our goal therefore is two fold:
first, extend the local variance dipole study of the hemispherical
power asymmetry to smaller disk radii and second, use the method
of local variance to detect the Doppler dipole whose amplitude is
much smaller but is expected to contribute at all angular scales.
Before presenting the details of the analysis and results, we
would like to point out and clarify a difference between our anal-
ysis and that of Akrami et al. They used 3072 disks (Nside = 16
healpix map) for all sizes of disks they considered (rdisk > 1◦).
However, we find that for rdisk = 1◦ and 2◦, 3072 disks are not
enough to cover the whole sky. Therefore, we use Nside = 32
(12288 disks) for rdisk = 2◦ and Nside = 64 (49152 disks) for
rdisk = 1
◦. Once we do this, we find that, unlike the results in
Akrami et al. (see Fig 2(a) and Table 1 in Akrami et al. (2014)),
none of our 1000 isotropic simulations produce a local variance
dipole amplitude larger than that of our foreground cleaned channel
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maps, for rdisk = 1, 2◦. In fact, the effect of the anomalous dipole
(with respect to the isotropic case) can be observed for even smaller
angular disk radii (see Figure 4). This result, however, is not sur-
prising because the local variance dipoles computed at smaller disk
radii get some contribution from the large scale anomalous power
asymmetry at low l.
Next, in section 2 we discuss in some detail the Planck CMB
data and simulations used in this paper. Then, in section 3 we
present our results for both the anomalous dipole and the Doppler
dipole, followed by discussions and a summary of our results in
section 4.
2 SIMULATIONS AND DATA
For our analysis, we use 1000 realizations of FFP6 Planck simu-
lations 1 that include lensing and instrumental effects. The FFP6
simulations (CMB and noise realizations separately) are provided
at each Planck frequency. We generate local variance maps from
which we obtain local variance dipole distributions following the
method briefly introduced in the previous section (described in
more detail in Akrami et al. (2014)). Since the FFP6 simulations for
CMB and noise processed through the component separation pro-
cedure are not yet publicly available, we will generate foreground
cleaned CMB channel maps at two frequencies 143 GHz and 217
GHz using the SEVEM method (Planck Collaboration et al. 2013b;
Kim & Komatsu 2013). We use the same four template maps as the
Planck Collaboration; these are difference maps of two near fre-
quency channels: (30-44) GHz, (44-70) GHz, (545-353) GHz and
(857-545) GHz. Before generating the four templates, we smooth
the larger frequency channel map to the resolution of the smaller
frequency channel map: alargelm → alargelm × Bsmalll /Blargel , where
Bl is the beam transfer function for the given frequency channel
map. See Appendix C of Planck Collaboration et al. (2013b) for
details of this method. To summarize: the cleaned 143 GHz or 217
GHz map dcleanν , is obtained by subtracting from the uncleaned
channel map dν , a linear combination of the templates tj :
dcleanν = dν −
nt∑
j=1
αjtj (2)
The coefficients αj’s are obtained by minimizing the variance
of dcleanν outside of the mask used for our analysis. Once the lin-
ear coefficients for the four template maps are obtained, we use the
same coefficients to process combinations of noise FFP6 simula-
tions in order to generate noise maps for our foreground cleaned
simulated maps. We process the Planck maps and the simulated
maps identically in each step. In addition to the isotropic local
variance maps (obtained from isotropic realizations of CMB plus
noise), we obtain two new sets of simulated local variance maps
from two other models which are obtained from the isotropic real-
izations as explained below:
• Doppler model: The expected dipolar temperature modula-
tion from the Doppler effect, with an amplitude 0.00123bν along
the direction (l, b) = (264◦, 48◦) (Jarosik et al. 2011). We take
bν = 1.96 for the 143 GHz map and bν = 3.07 for the 217 GHz
1 http://crd.lbl.gov/groups-depts/
computational-cosmology-center/c3-research/
cosmic-microwave-background/cmb-data-at-nersc/
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Figure 1. The hemispherical asymmetry in Cls generated by our modula-
tion model that modulates large scales (1.25◦ smoothing) with an ampli-
tude AT = 0.073 in real space, in addition to the dipolar modulation at all
scales due to the CMB Doppler effect. This plot was generated using 1000
simulations for the 217 GHz channel.
map (Planck Collaboration et al. 2013). The dipolar modulation is
generated in pixel space simply as:
∆T
T
∣∣∣∣
dop
(nˆ) =
[
1 + 1.23× 10−3bν(nˆ · pˆ)
] ∆T
T
∣∣∣∣
iso
(nˆ) (3)
• Modulation model: The Doppler model as described above
plus a large angle modulation, corresponding to a modulation
at smoothing fwhm = 1.25◦, along the direction (l, b) =
(218◦,−20◦), with an amplitude AT = 0.073 (Planck Collabo-
ration et al. 2013a). The map obtained is:
∆T
T
∣∣∣∣
mod
(nˆ) =
∆T
T
∣∣∣∣
dop
(nˆ) +AT (nˆ · pˆ) ∆T
T
∣∣∣∣smoothed
dop
(nˆ)
(4)
in which the modulation is only applied to the Doppler model af-
ter smoothing at fwhm = 1.25◦. Here we have used the notation
AT for the amplitude of modulation for temperature fluctuations in
the above equation to distinguish it from the dipole modulation am-
plitude in local variance maps ALV. Our choice of the smoothing
scale fwhm = 1.25◦ is guided by our attempt to fit the obtained
local variance asymmetry in data for different rdisk that we have
considered. For example, we find that a larger fwhm = 5◦ mod-
ulation does not reproduce the local variance asymmetry in data
for rdisk = 1◦ or smaller. Similarly, using a smaller fwhm pro-
duces local variance asymmetry distributions with amplitudes too
large to be consistent within 2σ with that seen in data for some disk
radii (rdisk = 1◦ and 4◦, for example). Note that when we apply
modulation at large scales in this manner, we are using a filter that
will suppress modulation at scales much smaller than the smooth-
ing fwhm specified. Therefore, by construction, the modulation is
only generated at large scales. In Figure 1, we plot the asymme-
try generated by our modulation model in harmonic space (up to
l = 600); the quantity plotted is:
Al = 2
C+l − C−l
C+l + C
−
l
(5)
where + is taken to be the hemisphere centered at (l, b) =
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(218◦,−20◦) and − is the opposite hemisphere. The Cls for the
relevant hemisphere is computed by masking the rest of the sky.
Masks: For each map, we use the union mask U73 from the Planck
Collaboration. This is the union of the qualitative masks for the
four different component separation techniques employed by the
Planck Collaboration, and leaves approximately 73 percent of sky
unmasked. The template fitting in our SEVEM-like cleaning pro-
cedure is also done in the region outside this mask. The resulting
clean maps at 143 GHz and 217 GHz (with the U73 mask) are
shown in Figure 2.
3 RESULTS
First, let us comment that we get results consistent with Akrami
et al. (2014) for rdisk = (4◦ to 16◦), in terms of the significance
of the magnitude, and the direction of the anomalous dipole. Also,
our modified set of simulations that includes temperature modula-
tion at large angular scales produces dipole distributions consistent
with data. All our results presented in this paper were analyzed us-
ing the foreground cleaned 217 GHz maps unless otherwise stated.
For large scale results i.e. relating to the anomalous dipole, we get
similar results using the 143 GHz maps.
3.1 Local variance dipole for rdisk = 1◦, 2◦
For rdisk = 1◦, 2◦, our results in Figure 3 indicate that the effect of
the Doppler dipole is increasing compared to larger disk radii. Fur-
ther, the results also show that the modulation model that we have
chosen (modulated at large scales corresponding to a smoothing of
fwhm = 1.25◦, with an amplitude AT = 0.073) is consistent with
data, while the no modulation (isotropic) model is disfavored at ap-
proximately 3.5σ. Note that the distribution of ALV is not exactly
Gaussian, but we assume the distribution to be Gaussian to obtain
standard deviation significance values as rough guides.
Next, we extend the analysis to apply to even smaller disk
radii.
3.2 Local variance dipole for sub-degree disk radii
We will now consider disks of radii rdisk = 0.25◦ and 0.18◦. This
requires that we increase the number of disks to cover the whole
sky. We therefore use disks centered on pixels of a healpix map of
Nside = 256 (786432 disks). Figure 4 shows our results for these
two disk sizes. From the figures, it is clear that for these disk radii,
the effect of the Doppler dipole cannot be neglected when comput-
ing the significance of the dipole amplitude obtained in the data.
If we do not include the Doppler effect, then the local variance
dipole in the Planck map is anomalous at approximately 3.8σ for
both rdisk = 0.25◦ and 0.18◦, whereas with respect to the Doppler
model distribution the significance drops to about 2σ. Also, the di-
rection of the dipole detected from Planck maps gets closer to the
Doppler dipole as the disk radius is decreased. This is illustrated
in Figure 6. However, as seen in Figure 4, the effect is still small
and the distributions of the isotropic simulations and the Doppler
model simulations overlap quite a bit. We will now investigate if,
by removing large scale features from the temperature fluctuation
maps, it is possible to separate the Doppler modulated local vari-
ance dipole distribution from the isotropic one, and therefore mea-
sure the Doppler dipole in the Planck maps.
Amplitude, ALV (significance, nσ)
lmin rdisk 217 GHz 143 GHz
600 0.18 0.0042 (3.2σ) 0.0057 (3.4σ)
900 0.18 0.0027 (2.9σ) 0.0047 (4.1σ)
600 8.0 0.0048 (2.7σ) 0.006 (2.4σ)
900 8.0 0.0042 (2.6σ) 0.0071 (2.9σ)
Table 1. Summary of the Doppler dipole detection results. The significance
of detection is computed with respect to the corresponding isotropic distri-
bution for local variance amplitudes (1000 simulations) in the CMB dipole
direction.
3.3 The Doppler dipole in local variance maps
We remove large scale features by simply filtering a map using a
high-l filter i.e. set the low-l alm values to zero in multipole space.
Since we are looking for an expected signal that is a vector (i.e. to
test the significance of the measurement we need to look at both the
direction and magnitude of the dipole signals), we will determine
the distribution of the component of the dipoles obtained in the di-
rection of the known CMB dipole. This was also the approach taken
by the Planck Collaboration (Planck Collaboration et al. 2013); the
quantity whose distribution they plot, called β‖, is the component
of their estimator in the CMB dipole direction.
In Figure 5, we show results for our local variance analysis
using disk radius rdisk = 0.18◦ but using CMB temperature maps
with alm = 0, for l 6 lmin = 600 i.e. large scale features removed
up to l = 600. The signal in the direction parallel to the CMB
dipole is consistent with the Doppler model distribution while the
isotropic model is disfavored at 3.2σ. When using a larger disk ra-
dius rdisk = 8◦ (also shown in Figure 5), we measure the Doppler
dipole signal at approximately 2.7σ.
We have repeated this analysis using other disk radii, different
lmin and the 143 GHz channel map. The results are summarized
in Table 1. Unexpectedly, we obtain higher values of amplitude for
the 143 GHz channel but in most cases the dipole amplitude in the
direction of CMB dipole is within 2σ of the expected distribution
obtained from the Doppler model. The only exception being the
case of lmin = 900, 143 GHz, rdisk = 0.18◦ in which the signal in
data is at 3.1σ from the Doppler model distribution. In all cases, no
amplitude in excess of 2σ is obtained in two directions orthogonal
to the CMB dipole and with each other (see Figure 2 of Planck
Collaboration et al. (2013)).
The local variance dipole directions obtained for various cases
are shown in Figure 6.
3.4 Small scale power asymmetry
We can also investigate the presence of power asymmetry at small
scales in the direction (l, b) = (218◦,−20◦), in our small scale
maps that have alm’s up to l = 600 set to zero. A similar study
of the power asymmetry at small scales (but in multipole space)
was performed in Flender & Hotchkiss (2013) using foreground
cleaned SMICA maps; they report no such small scale asymme-
try after accounting for a number of effects, including estimates of
power asymmetry due to the Doppler effect. They report an up-
per bound on the modulation amplitude of 0.0045 (95%) at these
scales. Another important previous work on constraining hemi-
spherical power asymmetry at smaller scales is Hirata (2009) us-
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Figure 2. Foreground cleaned maps at channels 143 GHz and 217 GHz. Planck U73 mask is used in both maps.
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Figure 3. Local variance dipole analysis for rdisk = 1, 4 degrees. The vertical line and the text describe the measurements from Planck maps. The histograms
are obtained from the simulations for three cases—isotropic, Doppler and large scale modulation models—as labeled. For rdisk = 2◦ (not shown), we get
local variance dipole of amplitude ALV = 0.026 (2.8σ) in the direction (l, b) = (203◦,−1◦). The significance values in the above figures are computed
using the Doppler model distributions. If instead we use the isotropic distributions, we obtain values of 3.5σ, 3.4σ and 4.0σ for rdisk = 1◦, 2◦ and 4◦
respectively.
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Figure 4. Local variance dipole analysis for rdisk = 0.25, 0.18 degrees. The vertical line and the text describe the measurements from Planck maps. The
histograms are obtained from the simulations for our three different models as labeled. The significance values in the figures are calculated using the Doppler
model distributions. If instead we use the isotropic distributions, the corresponding significances become 3.78σ and 3.82σ respectively.
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Figure 5. The component of local variance dipole amplitudes in the direction (l, b) = (264◦, 48◦) using disk of radius rdisk = 0.18◦, 8◦ after removing
large scales features up to lmin = 600. In both cases, one obtains the Doppler signal at nearly 3σ, while no effect is seen in the orthogonal directions (not
shown in figures). The results for our large scale modulation model are not shown above but they mostly coincide with the Doppler models (as we have
removed the large scale features), with a very small right shift as expected.
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Figure 6. Here we plot some of the directions for the local variance dipoles in our analysis in addition to the CMB dipole direction (black square) and the large
scale power asymmetry direction (black cross). The blue dots are directions obtained for the local variance dipole using foreground cleaned 217 GHz Planck
maps with the labeled value of rdisk. For smaller rdisk, the dipole direction moves towards the CMB dipole direction. We also plot directions obtained using
maps that have large scale features removed (red triangles), with lmin = 600 (triangle up) and lmin = 900 (triangle down).
ing quasars that reports −0.0073 < AT < 0.012 (95%) at
keff ≈ 1.5hMpc−1.
When repeating our measurements shown in Figure 5, but now
in the direction (l, b) = (218◦,−20◦), we find that the local vari-
ance dipole amplitude component in the data is within 1σ expec-
tation from both isotropic and Doppler model distributions. This is
shown in Figure 7. Each value in the Doppler model distribution is
basically shifted right from the isotropic distribution (see the inset
in Figure 7); this shift is proportional to the cosine of the angle be-
tween the direction of large scale asymmetry and the direction of
the CMB Doppler dipole. Therefore, we subtract this shift to get
the value of the intrinsic local variance power asymmetry. Using
rdisk = 0.18
◦, we obtain (at 2σ):
ALV = (0.71± 3.0)× 10−3 (6)
However, we can see from our results for the Doppler model
distributions that the relation between AT of a dipole modulated
model and the most likely value of ALV obtained from the cor-
responding local variance maps is not quite simple. This can be
directly seen in Figure 5 in which the Doppler model had AT =
3.07 × 0.00123 ≈ 0.0038 whereas the obtained distributions for
ALV are different for the two cases with different rdisk. To estimate
the AT constraint from the ALV constraint in eqn 6, let us assume
that the relationship between them is linear for small values of AT
c© 0000 RAS, MNRAS 000, 000–000
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Figure 7. Left: Small scale power asymmetry in the direction (l, b) = (218◦,−20◦) before subtracting the contribution from the Doppler dipole. The inset
shows the distriution for the difference between local variance dipole amplitudes for the Doppler model and the isotropic model. This value 0.00075 ±
0.00001(2σ) is subtracted from the power asymmetry in data to obtain the constraint for the intrinsic power asymmetry. Right: Small scale power asymmetry
in the direction (l, b) = (218◦,−20◦) after subtracting the Doppler contribution. We also show the corresponding AT on the top horizontal axis, in addition
to ALV on the bottom axis; the fact that these are different is discussed in the text. The error bands show the expected 1σ and 2σ errors based on the variance
of the isotropic distribution.
up to approximately AT = 0.0038 (for a given frequency channel,
rdisk and lmin). Then, for the case of the 217 GHz channel maps,
rdisk = 0.18
◦ and lmin = 600, we can use the correspondence be-
tween AT and ALV of the distributions from simulations in Figure
5, and translate the constraint in eqn 6 to (at 2σ):
AT = (0.8± 3.5)× 10−3 (7)
To further check our translation betweenALV andAT, we repeated
this small scale analysis with a AT,input = 0.0008 modulation
model and recovered the intrinsic local variance dipole amplitude
obtained in eqn 6. Using other larger values of rdisk or the 143
GHz channel map, we obtained slightly weaker but consistent con-
straints for the small scale power asymmetryAT in the direction of
the large scale hemispherical power asymmetry.
4 DISCUSSION AND SUMMARY
In this short work, we have used local variance maps to study the
power asymmetry in Planck temperature anisotropy maps, extend-
ing the work done in Akrami et al. (2014) that used the same
method to smaller scales. We have shown that the effect of the
Doppler dipole is small for local variance dipole measurements at
large disk radii (rdisk & 4◦); we find that the peak of the Doppler
model distribution for the 217 GHz case is less than 0.5σ away
from that of the isotropic distribution for the rdisk = 4◦ result.
The difference gets even smaller for larger values of rdisk. Further,
we have also shown that the Doppler dipole can be measured to
a moderate significance using this method. The first measurement
of the Doppler signal in the temperature fluctuations was done by
the Planck Collaboration in Planck Collaboration et al. (2013). The
method of local variance is a pixel space method, so our measure-
ment is complimentary to that done by the Planck team using har-
monic space estimators sensitive to the correlations between differ-
ent multipoles induced by the Doppler effect. However, local vari-
ance dipoles are not sensitive to the aberration effect and therefore
our method is less sensitive than the estimators that consider the
aberration effect in addition to the dipolar power modulation.
For our large scale asymmetry analysis, we find similar re-
sults using both 217 GHz channel maps (reported in figures in this
paper) and 143 GHz channel maps. This is in agreement with pre-
vious works (Hoftuft et al. 2009; Hansen et al. 2004) that have in-
vestigated channel dependence of hemispherical power asymmetry
in WMAP maps.
Throughout our analysis, we included a large scale modula-
tion model in which temperature anisotropies were modulated only
for scales smoothed (Gaussian smoothing) at fwhm=1.25 degrees
and found that the anomalous power asymmetry seen at all rdisk
analyzed in this paper using the local variance method is consistent
with this simple phenomenological model. This tells us about the
scale dependence of the power asymmetry seen in data as our mod-
ulation model generates a scale dependent hemispherical asymme-
try in Cls (see Figure 1).
We summarize important aspects of our work and results in
the following points:
• We have verified the hemispherical power asymmetry results
obtained in Akrami et al. (2014), with the exception of rdisk = 1, 2
degrees for which we have identified the need to use more disks in
order to cover the whole sky.
• Once we use smaller disk radii in our local variance analysis,
the effect of the dipolar Doppler modulation becomes increasingly
important which can be directly observed from our dipole ampli-
tude distributions.
• After removing large scale features up to l = lmin =
{600, 900}, we could detect the expected dipolar Doppler mod-
ulation in Planck temperature anisotropy maps at a significance of
approximately 3σ.
• We have obtained a constraint on dipolar modulation ampli-
tude at small scales (l > 600) in the direction of the large scale
anomalous hemispherical power asymmetry as AT = 0.0008 ±
0.0035(2σ).
We expect this work to be useful for a better understanding of
the power asymmetries that are known to exist in the CMB data.
In particular, we hope that our work will shed more light on lo-
cal variance statistics in CMB maps which is already being used to
compare theoretical models of power asymmetry with data (Jaza-
yeri et al. 2014). While a satisfying theoretical explanation for the
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power asymmetry anomaly still lacks in the literature, several inter-
esting proposals exist (Dai et al. 2013; Schmid & Hui 2013; Lyth
2013; Erickcek et al. 2008, 2009; Namjoo et al. 2013; Chluba et al.
2014). The statistical fluke hypothesis still remains a possibility too
(Bennett et al. 2011). More careful studies of both data and theoret-
ical possibilities are important since the implications of progress in
any direction consists of learning more about the fundamental sta-
tistical assumptions that we make about the universe at large scales.
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